Introduction
Tobacco harm reduction aims to provide reduced risk alternatives to adult smokers who would otherwise continue smoking combustible cigarettes (CCs). From snus, the popular smokeless tobacco product in Sweden, to electronic cigarettes, alternatives to CCs are increasingly being recognized as important public health tools to complement policies for preventing smoking initiation and promoting smoking cessation. An emerging platform technology to lower the level of harmful and potentially harmful constituents (HPHCs) in smoke is based on heating tobacco rather than burning it. This technology avoids pyrolysis/combustion by distillation of tobacco, with less formation of HPHCs.
Previously, a range of innovative products were developed, which were referred to as "potential reduced-exposure products." 1 In 1989, RJ Reynolds released "Premier," a product similar in size and appearance to a CC, but hosting an aluminum canister containing alumina beads impregnated with tobacco extract and vaporization based on a carbon heat source. 2 Based on a similar technology, RJ Reynolds introduced a successor product in 1996, Eclipse, which according to Pederson and Nelson, 3 produced tar levels similar to reduced tarlevel CCs. In 1999, Phillip Morris released Accord, a smoking system that ignited a special low-tar cigarette only when puffed, producing less smoke and no ashes. 4 While, these devices appeared to diminish the exposure to carcinogens, the lack of data to support their effective harm reduction 5, 6 and design flaws (potentially harmful nicotine carriers, glass fiber parts, and bulky casing, 6 among others 7 ) hampered their widespread use.
Devices aimed at reducing HPHCs and risk for smoking-related disease are currently referred to as modified-risk tobacco products. 8 Herein, we report on the assessment of a novel, candidate modifiedrisk tobacco product, the carbon-heated tobacco product (CHTP, version MD2-E7). The CHTP contains a column of tobacco that is connected to a carbon heating source and is lit with a specifically designed electric lighter. The aerosol created by gentle and controlled heating of the tobacco is composed primarily of water, a humectant (eg, glycerol), and reduced concentrations of HPHCs, including aldehydes and polycyclic aromatic hydrocarbons.
In a 28-day, repeated-dose, inhalation toxicity rat study, the biological effects of mainstream aerosol from the CHTP were compared with the mainstream smoke from the University of Kentucky Reference Cigarette (3R4F). The biological effects of the CHTP aerosol were consistently lower in the respiratory tract, especially in the nose and lungs, with significantly fewer adaptive and inflammatory changes compared with the typical inhalation effects from the 3R4F at equal nicotine concentrations. 9 Gene expression data regarding biological network disruption indicated a lesser impact of the CHTP on cell stress and inflammation compared with CCs. 10 A study in a C57BL/6 mouse model investigated the chronic obstructive pulmonary disease risk reduction potential of a CHTP compared with CCs. Mice were exposed to CC smoke (3R4F), fresh air (sham), or CHTP aerosol for up to 7 months. The CC smoke induced typical adaptive airway changes and lung inflammation associated with emphysema, impaired pulmonary function and alveolar damage. Conversely, there were no signs of lung inflammation and emphysema after CHTP aerosol exposure at nicotine-matched concentrations. 11 Furthermore, we have reported that CHTP aerosol has 20 times less impact on cytotoxicity, inflammation, chemotaxis and transendothelial migration in vitro than 3R4F smoke. 12 The exposure to toxicants is a function of cigarette composition and burning or heating temperature in addition to individual smoking behavior (eg, puff rate and inhalation depth). It is thus necessary to measure the smoker's actual exposure to determine the effects of different cigarettes. 13 This study aimed to determine whether adult smokers who switch to the CHTP reduce their levels of the biomarkers of exposure to HPHCs, specifically carboxyhemoglobin (COHb), S-phenylmercapturic acid (S-PMA), and total 4-methylnitrosamino-1-(3-pyridyl)-1-butanol (total NNAL), compared with adult smokers who continue to smoke CCs and those who abstain from smoking for 5 days.
Methods

Study Design
This controlled, randomized, open-label, three-arm parallel group, single-center confinement study was conducted at the premises of MTZ Clinical Research Ltd, Warsaw, Poland and was approved by the independent ethics committee of the Regional Medical Chamber of Physicians in Warsaw, Poland. It is posted on ClinicalTrials.gov under the identifier NCT00812279.
A sample size of 28 subjects in each group for a two-arm comparison is sufficient for detecting a relative effect of 0.8 at type I and II error rates of 5% and 20%, respectively. Because of the lack of information for CHTP on the variability in biomarkers of exposure measurements and product use in an ad libitum setting, the group size in the CHTP arm was doubled to 56 subjects.
A total of 130 eligible subjects were enrolled on Day −2 (Admission), 18 subjects were disqualified during selection criteria verification ( Figure 1 ) prior to randomization. A total of 112 subjects were randomly assigned into one of the three study arms by an interactive voice response system. The study was conducted in four successive cohorts. All subjects of a cohort were randomly assigned in the evening of Day 0 (D0). Randomization was stratified by sex and self-reported daily CC consumption (10−19 CCs per day [cpd] and 20−30 cpd).
During the 2-day baseline period (D −1 and D0), subjects smoked their own brand of CCs ad libitum with each subject's maximum daily CC consumption limited to 120% of the median daily CC consumption, derived from a 7-day self-reported CC consumption diary recorded prior to admission. The exposure period lasted 5 days (D1− D5). During the exposure period, CC smoking or CHTP use was allowed ad libitum in separate rooms until 11:00 PM. Subjects using the CHTP did not have access to CCs and vice versa. Participants in the smoking abstinence (SA) group were denied access to these rooms and underwent counseling on smoking cessation, but no pharmacotherapy. Subjects were discharged during the morning of D6 after undergoing all safety examination procedures. They entered a 7-day passive adverse event (AEs) follow-up period.
Subjects
Male and female Caucasian adult smokers that met the following criteria were eligible for this study: body mass index between 18.5−27.5 kg/m 2 , aged between 23−55 years, smoking habit of 10−30 cpd (maximum International Organization for Standardization [ISO] tar yield of 10 mg), smoking history of at least 5 consecutive years, and acceptable health conditions based on clinical and laboratory parameters (spirometry, vital signs, physical examination, electrocardiogram, chest radiograph, and medical history). Women of childbearing potential were excluded if they were pregnant or breastfeeding or if they did not use an effective contraception method. After full explanation of the study, subjects signed an informed consent form prior to any assessments.
Assessments
A self-administered smoking history questionnaire was completed by the subjects on D1, including the Fagerström Test for Nicotine Dependence (FTND). 14 Biomarkers of exposure assessed as part of this study were COHb (biomarker for carbon monoxide), MHBMA (biomarker for 1,3-butadiene), 3-HPMA (biomarker for acrolein), total 1-OHP (biomarker for pyrene), O-toluidine (biomarker for ortho-toluidine), 2-NA (biomarker for 2-aminonaphthalene), 4-ABP (biomarker for 4-aminobiphenyl), S-PMA (biomarker for benzene), total NNAL (biomarker for NNK) and nicotine equivalents (biomarker of exposure for nicotine) and cotinine (biomarker of exposure for nicotine). These biomarkers were selected because: (1) the related HPHCs are relatively specific to tobacco smoke, (2) the HPHCs cover both the vapor and particulate phases of tobacco smoke, (3) the levels of these biomarkers are well described in smokers and non-smokers as well as with SA, and (4) there were validated methods to assess these biomarkers. In order to avoid inflation of the false positive rate the primary objective was restricted, a priori, to a subset of three biomarkers of exposure (COHb, S-PMA, and total NNAL), the complete set of the biomarkers assessed descriptively as a secondary objective.
COHb and cotinine were measured (spectrophotometrically) in blood, while S-PMA and total NNAL were measured in 24-hour urine. Further biomarkers of exposure to various HPHCs were measured in 24-hour urine. Seven 24-hour urine samples were collected for each subject during the 7-day study period. Blood samples were drawn daily between 5:00 PM to 7:00 PM from D1 to D5.
The biomarkers of exposure in urine were assayed by liquid chromatography using tandem mass spectrometry techniques at Philip Morris Research Laboratories, Cologne, Germany. Urine mutagenicity was measured at D0 and D5 in 24-hour urine samples. The urinary evaluation was performed on one bacterial strain (Salmonella typhimurium strain YG1024, an O-acetyltransferaseoverproducing derivative of strain TA98) with high sensitivity for detecting aromatic amine compound mutagenicity. 15 Four doses of each urine extract, and S9 metabolic activation were used in three replications. Arithmetic means of the replicates were used to evaluate the dose-response of the mutagenicity potential in each urine sample. The urine mutagenicity index (the number of revertants/24 h) was calculated by multiplying the number of revertants/24 h/ml by the total 24-hour urine volume.
All biomarkers of exposure assessed in this study exhibit, on average, an elimination half-life of up to 24 hours, except for total NNAL that has an estimated half-life range of 10-18 days. 15 Therefore, 5 days of product use were sufficient to observe the optimal decrease in biomarker levels, except for total NNAL.
All subjects underwent human puffing topography (HPT) assessments at baseline (D −1 and D0), for their usual brand of CC, and after randomization, on D1 and D5, for each CHTP and CC used. A portable SODIM device (model SPA-M, Sodim SAS, Fleury-lesAubrais, France) was assigned to each subject and used throughout HPT assessment days to record puffing behavior: frequency, puff duration, inhaled smoke volume and pressure drop. The CC brands of 7 subjects were incompatible with the SODIM device (slim CCs); thus, they were excluded from this analysis. Another four subjects were excluded because of device-handling issues. Data for 45 CHTP users are reported.
Tobacco Products
We tested the CHTP prototype MD2-E7 (3 mg tar, 2 mg glycerol, 0.4 mg nicotine, and 1 mg CO yield; aerosol chemistry determined under ISO conditions, 12 puffs). It consists of a carbon heat source, a tobacco plug wrapped in paper, an empty tube (to allow aerosol transfer), and a filter (a strip of aluminum foil that attaches the carbon heat source to the tobacco plug). Its appearance is similar to that of a CC, but the CHTP is based on technology that avoids pyrolysis/combustion of tobacco. The aerosol chemistry of the CHTP was previously reported. 9 The test product and a specifically designed electric lighter were provided to the subjects.
Reference and baseline products were commercially available non-menthol CCs, with an ISO tar yield of up to 10 mg. All subjects purchased the anticipated amount of their usual CC brand required for the confinement period and handed them over to the site staff at admission. All products were stored at room temperature in a locked room with restricted access. Used CCs and CHTPs were returned to the site for product accountability.
Data Analysis
For all biomarkers of exposure and all three study arms, means and standard deviations were calculated for baseline (average of D0 and D -1), end of exposure (average of D4 and D5), and for the change from baseline to end of exposure, along with 95% confidence intervals. Differences of the means between the CHTP and CC groups and their 95% confidence intervals were calculated. To demonstrate reduced levels of the primary biomarkers of exposure (COHb, S-PMA, and total NNAL) in the CHTP compared with the CC arm at the end of the exposure, we conducted an analysis of covariance comparing differences between the two arms at an unadjusted alpha level of 5% each. Covariates considered in this analysis were sex, usual daily CC consumption and the baseline level of the analyzed biomarker of exposure. In addition, terms for interactions between study arm and sex, and between study arm and usual daily CC consumption were included, whenever the corresponding interaction test resulted in a P value ≤ 10%. Data were analyzed using SAS V8.2 (SAS Institute Inc, Cary, NC).
Results
In total, 112 subjects were randomly assigned into one of the three study groups (CHTP: 56 subjects, CC: 28 subjects, SA: 28 subjects; full analysis set). All randomly assigned subjects completed the study. No subjects were prematurely discontinued. Two subjects in the CHTP group were excluded from the analysis of biomarkers of exposure because they underwent assessments outside of the allowed time window. The distributions of age, sex, body mass and usual CC consumption of subjects was comparable across study arms. Subject characteristics are shown in Table 1 .
Biomarkers of Exposure
At the end of the exposure period, reduced levels (least squares means) were observed for all three biomarkers of exposure in the CHTP compared with CC study arm (P < .0001 for each of the three comparisons). In the CHTP arm, the COHb level (% hemoglobin saturation) was lower by 3.66% (adjusted for baseline level, sex, usual CC consumption and the interaction between study arm and usual CC consumption), the S-PMA level was lower by 5.66 μg/24 h (adjusted for baseline level, sex, usual CC consumption and interactions between study arm and usual CC consumption and study arm and sex), and the total NNAL level was lower by 112 ng/24 h (adjusted for baseline level, sex and usual CC consumption).
The other biomarkers of exposure to selected cigarette smoke HPHCs (1,3-butadiene, acrolein, pyrene, O-toluidine, 4-aminobiphenyl, 2-aminonaphthalene), and excretion of mutagenic material in urine were also decreased in the CHTP group at D5/6 compared with baseline (Figure 2) . At the end of the exposure period, there were no changes in biomarkers of exposure levels in the CC group. All decreased levels were more marked in CHTP users compared with CC smokers (Supplementary Table 1) .
Except for 2-napththylamine, 4-aminobiphenyl and urinary excretion of mutagenic material, the largest decrease in biomarkers of exposure was observed in the SA group. In the SA and CHTP groups, the smallest decrease was for pyrene with 48% and 51%, respectively, while the largest decrease was for 1,3-butadiene in both groups (>90%).
Product Use and Nicotine Exposure
The baseline mean (standard deviation) number of cpd was similar in the CHTP (17. Table 2 summarizes the HPT results, stratified by tar level of brands used prior to switching to the CHTP. At baseline, higher average nicotine levels were found in the full flavor category (9-10 mg tar yield), with a similar number of consumed CCs of the usual brand, compared with the 3-5 and 6-8 mg tar categories, although the 95% confidence intervals of the point estimates did overlap. The puff volume for CCs ranged from 54 to 74 ml.
Human Puffing Topography
Switching to the CHTP resulted in an approximately 40% increase in number of puffs and a markedly increased puff volume, with an increased total puff volume on D1. Across all three tar level categories, the users adapted their puffing to achieve comparable and individually adjusted nicotine levels starting on D1. In the following days, participants increased their tobacco consumption, number of sticks used and overall nicotine exposure in the CHTP and the CC groups ( Table 2 ). The topography measures remained stable between D1 and D5 in the CHTP group.
Safety
The frequency of reported AEs was similar in each of the three study groups: CHTP (50%, 47 AEs), SA (46%, 23 AEs), and CC (54%, 22 AEs). Headache was the most common AE, with a total of 13 (23%), 4 and 8 (29%) subjects in the CHTP, SA, and CC groups, respectively.
Discussion
We investigated the changes in biomarkers of exposure in adult smokers in a controlled clinical setting. Randomization and monitoring of subjects together with full control of product distribution in confinement allowed the unbiased evaluation of the maximal induction of exposure achieved by switching to the CHTP for 5 days.
Biomarkers of Exposure to Selected Cigarette Smoke HPHCs
A study evaluating the effects on 1,3-butadiene metabolite in urine, monohydroxy-3-butenyl-mercapturic acid (MHBMA), after switching from cellulose acetate to charcoal filtered CCs found that the MHBMA levels decreased by 18% and decreased by 90% to 95% after smoking cessation. 16 Concordantly, in the present study, smokers who switched to the CHTP presented a marked decrease of MHBMA compared with those smoking their usual CC brand. Moreover, the decrease in the CHTP group was similar to that achieved after 5 days of SA.
In a study of smokers that switched from cellulose acetate to charcoal filter CCs, levels of S-(3-hydroxypropyl)-N-acetylcysteine (3-HPMA), the main urinary metabolite of acrolein, decreased by 8% and 17%. 17 In a study of smoking cessation, the 3-HPMA levels decreased significantly by 78% in smokers who abstained for 4 weeks. 18 Notably, in this study, the mean change of 3-HPMA levels from baseline to end of exposure in subjects who switched to the CHTP was as pronounced as that after SA. Similarly, we measured S-phenylmercapturic acid (S-PMA), the urinary metabolite of benzene, a well-known carcinogenic. 19, 20 The urinary excretion of S-PMA was markedly decreased in both the CHTP and SA groups compared with the CC group, with that decrease being slightly more pronounced in the CHTP group. O-toluidine, 2-naphthylamine, and 4-aminobiphenyl in urine are also biomarkers of exposure to the HPHCs of CC smoke. 21 We found that subjects exposed to the CHTP and SA presented significantly and markedly decreased urinary levels of these compounds.
Although pyrene itself is not considered a HPHC, its urinary metabolite, 1-hydroxypyrene, is a surrogate of exposure to polycyclic aromatic hydrocarbons (PAHs). 22 Many PAHs are potent carcinogens in animals and humans. 19 In our study, the levels of pyrene decreased in the CHTP and SA groups compared with the CC group. However, the decrease in pyrene was the lowest of all the biomarkers evaluated. Other well-established biomarkers of exposure to CO in tobacco smokers are COHb in blood and exhaled CO. 23 As with the other biomarkers, the level of COHb decreased in both the CHTP and SA groups compared with the CC arm. A similar downward trend was seen in the urinary excretion of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and its O-glucuronide conjugate (NNAL-O-Gluc) in urine (total NNAL excretion), which are tobacco-specific biomarkers of exposure to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. 19 In a previous study, the total NNAL level decreased by 70% after 1 week and by 90% after 4 weeks of smoking cessation. 24 Although the maximal total NNAL decrease was probably not observed in this short-term study because of the 10-to 18-day half-life of NNAL, 25 total NNAL levels at the end of the exposure period in both the CHTP and SA arms indicate that CHTP use decreased the exposure of total NNAL almost as effectively as SA.
Urine Mutagenicity
CC smoke contains a number of mutagenic and carcinogenic compounds, including nitroso-compounds, PAHs and hetero-cyclic amines that undergo urinary or fecal excretion. Thus, the urinary level of mutagens reflects both the exposure dose and the metabolic state of these carcinogens and mutagens. 26 The urine mutagenicity values observed in this study indicate a marked reduction in the exposure to potential mutagens, with matching values between subjects who switched to the CHTP and those in the SA group. These reductions are in agreement with other published data for SA 27 and electrically heated cigarettes. 28 
Puffing Behavior
Cigarette design characteristics affect HPT when smokers first switch by inducing changes in the draw resistance, sensation, and taste. Switching from higher-to lower-yield CCs increases topography parameters such as puff volume and puffs per cigarette. Conversely, when smokers switch to higher-yield CCs, or CCs with constant tar but increased nicotine content, they decrease puffing intensity or take longer to smoke a CC. 29 In our short-term study, smokers who switched to the CHTP compensated to their self-adjusted nicotine level by inhaling more frequent and larger puffs. A feature of the CHTP tested was that the nicotine delivery/puff decreased substantially over time during a single-stick experience. With a standard smoking machine, FTC ISO measurement of the CHTP, the product stopped yielding nicotine beyond 16 puffs (data not shown). The observed increase in the number of puffs smokers drew may reflect this fading effect of nicotine delivery. Conversely, the puff volume for CCs was not different to that in a previous report. 30 Despite compensatory puffing behavior, the biomarkers of exposure were dramatically reduced in the smokers who switched to the CHTP. Combustible reduced-nicotine-content cigarettes were designed to avoid compensation. These products were tested and were found to contain levels of nicotine close to those found in vegetables like aubergine, an order of magnitude lower (eg, 0.05 mg nicotine yield) than the levels in CCs (eg, 1 mg). Compensatory smoking behavior was not reported. 31, 32 However, these modified reduced-nicotine cigarettes harbor the same HPHCs present in CCs, and lack the level of exposure reduction achieved by heated tobacco platforms. Based on the present findings, the CHTP delivers on the request raised by advocates of reduced-nicotine cigarettes, 33 namely to dissociate nicotine from tar. Rather than reduced-nicotine cigarettes, the CHTP delivers nicotine and reduces tar, and not the other way around.
Nicotine, cotinine and urinary Neq levels decreased throughout the 5-day exposure in the SA study group as expected, while there was a slight increase in consumption in both the CC and the CHTP groups. This indicates that increased nicotine exposure was a studyrelated effect of the confinement condition. Subjects tolerated the CHTP well. There were no apparent group differences in any of the clinical laboratory values, vital signs, electrocardiographic parameters, spirometry, or physical examination during the study. Only minor AEs were reported and these were not attributed to the study product.
The evidence that CHTPs can reduce smoking machine-measured toxicant levels in mainstream aerosol compared with CCs is reflected by the reduced levels of biomarkers of exposure observed in our study. Exposure reduction was demonstrated in this short-term study. However, long-term studies on clinical endpoints are needed to demonstrate risk reduction because dose-response relationships that could be useful for the extrapolation of health-risk reduction based on exposure reduction are currently unknown. However, studies on long latency diseases such as cancer, heart disease, and chronic obstructive pulmonary disease are problematic as very long-term follow-up would be required to measure health effects. Such studies are only feasible after the CHTP has been used by a sufficiently large proportion of previous CC smokers for a sufficiently long period of time. At the current stage, biomarkers of exposure provide useful indications on long-term outcomes within a short time, which can be the basis for estimating specific effects long before direct evidence from epidemiological studies becomes available. 34 This study has some limitations, particularly related to the external validity of randomized controlled trials. The study duration was short; thus, some subjects may not have fully adapted their smoking behavior to the CHTP. The study conditions and procedures were tightly controlled, eliminating the possibility of product use behavior as in real-world conditions. Although subjects could smoke ad libitum during the study, they had to ask for each CC or CHTP, which may have affected their smoking behavior; higher consumption may occur under more stressful real-world conditions. However, the daily consumption increased from baseline to the end of the exposure period so the current data do not support this theoretical possibility. The strengths of the study were the tight controls and maximized internal validity to avoid confounding, allowing the assessment of the CHTP performance when used exclusively.
The obtained findings provide clear evidence of reduced exposure to HPHCs in smokers who switched to CHTP, similar in magnitude to the reductions after SA for 5 days. The examined biomarkers of exposure in this study have shown a quantifiable link to tobacco-related diseases and may facilitate the scientific evaluation of alternative, reduced risk tobacco products. Additionally, empirically coherent and mutually supportive data from multiple clinical risk endpoints across several biological processes, physiological systems and mechanisms could be integrated to strengthen the evidentiary basis of modified-risk tobacco products.
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